A quick-cooking rice, produced from broken rice, is a convenient ingredient for complementary foods in Thailand. The rice is fortified with micronutrients including iron during the processing procedure, which can cause unacceptable sensory changes. A quick-cooking rice fortified with ferric ammonium citrate (FAC) or a mixture of ferrous sulphate (FeSO4) and ferric sodium ethylenediaminetetraacetic acid (NaFeEDTA), with a 2:1 molar ratio of iron from FeSO4 : iron from NaFeEDTA (FeSO4 + NaFeEDTA), gave a product that was organoleptically acceptable. The study compared iron absorption by infants and young children fed with micronutrient-fortified quick-cooking rice containing the test iron compounds or FeSO4. Micronutrient-fortified quick-cooking rice prepared as a traditional Thai dessert was fed to two groups of 15 8-24-month healthy Thai children. The iron fortificants were isotopically labelled with 57 Fe for the reference FeSO4 or 58 Fe for the tested fortificants, and iron absorption was quantified based on erythrocyte incorporation of the iron isotopes 14 days after feeding. The relative bioavailability of FAC and of the FeSO4 + NaFeEDTA was obtained by comparing their iron absorption with that of FeSO4. Mean fractional iron absorption was 5.8% [±standard error (SE) 1.9] from FAC and 10.3% (±SE 1.9) from FeSO4 + NaFeEDTA. The relative bioavailability of FAC was 83% (P = 0.02). The relative bioavailability of FeSO4 + NaFeEDTA was 145% (P = 0.001). Iron absorption from the rice containing FAC or FeSO4 + NaFeEDTA was sufficiently high to be used in its formulation, although iron absorption from FeSO4 + NaFeEDTA was significantly higher (P < 0.00001).
Introduction
Rice is the staple food for over half of the world's population and is the basic ingredient for complementary foods fed to infants and young children in rice-eating countries. Rice-based complementary foods, however, often contain inadequate amounts of iron, calcium, zinc, vitamin A and iodine (Porniammongkol 2001) . In Thailand, the low levels of iron and calcium have been reported to be a major concern (Porniammongkol 2001; Souvaphapsopha 2001) , and potential deficiencies of zinc, thiamin and folate have also been signalled (World Health Organization 2006; Allen et al. 2006) .
Thai mothers often prefer to use commercially manufactured, convenient, quick-cooking rice as the major ingredient for complementary foods. The rice is made of broken rice pretreated to reduce food preparation time. Chitpan et al. (2005) first developed micronutrient-fortified quick-cooking rice containing iron, calcium, thiamin and folate. The micronutrients were added as an aqueous solution to the dried, heated, broken rice grains during manufacture and were drawn into the endosperm as the grains cooled. The first products, however, were not acceptable for commercialization because they rapidly became rancid. Porasuphatana et al. (2008) overcame the sensory problems using sodium citrate as an iron chelator. Sensory quality and shelf stability, however, were only satisfactory with two of the tested iron sources. These acceptable iron sources were ferric ammonium citrate (FAC) and a mixture of ferrous sulphate plus ferric sodium ethylenediaminetetraacetic acid (FeSO 4 + NaFeEDTA at molar ratio of 3:1; Fe : EDTA). The level of NaFeEDTA added to the rice provided the children with ≤0.2 mg Fe −1 kg −1 body weight, which meet The Joint FAO/WHO Expert Committee on Food Additives (JECFA) requirement for infant foods fortified with NaFeEDTA (World Health Organization 1999). FeSO4 is a well-known iron fortificant that is generally used in many kinds of food. Besides, FeSO4 is produced in many countries, which makes it economically feasible. The chelated form of iron in NaFeEDTA is desirable as it has been blocked from being a catalyst for rice lipid oxidation. However, it is not feasible because of high cost and questionable safety in children. Although FAC is another interesting iron fortificant for complementary food, it is generally used in dairy products. The present study used stable isotope techniques to measure iron absorption by Thai infants and young children fed with micronutrient-fortified quick-cooking rice containing FAC, a mixture of FeSO 4 + NaFeEDTA or FeSO4 alone. Iron absorption was based on the erythrocyte incorporation of the iron isotope labels.
Materials and methods

Subjects
The study originally planned to have infants and children aged 6-24 months as the subjects; however, there was no infant of age 6-7 months available in the study area during the study period. Therefore, only healthy full-term infants and children aged 8-24 months old with normal weight (World Health Organization 2006) were recruited from the local population using medical services at the Salawan Primary Care Unit under Phutthamonthon General Hospital, Nakhonpathom Province,Thailand.The subjects were free of gastrointestinal or metabolic disorders, were not receiving regular medication and did not have diarrhoea, fever or apparent infections on the day of test meal feeding. The other criteria for subject recruitment were (1) the child was used to being fed with complementary foods; (2) haemoglobin >10 mg dL ; and (3) no haemoglobinopathy trait or alpha-thalassemia trait, and normal complete blood counts (CBC).The subjects' parents or caretakers were asked to review and, if they approved, to sign informed consent forms before participating in the study. The infants and young children did not consume vitamin and mineral supplement for 2 weeks prior to the study and until the last blood sample was drawn.
The 30 recruited subjects were randomly divided into two groups of 15 subjects. Group 1 was fed quickcooking rice fortified with FAC (study 1). Group 2 was fed rice fortified with FeSO 4 + NaFeEDTA (study 2). The characteristics of groups 1 and 2 are shown in Table 1 .There were no statistical differences (P > 0.05) in age, body weight, height, haemoglobin or serum ferritin. Relative bioavailabilities (RBVs) of iron in the fortified iron compounds (either FAC or FeSO4 + NaFeEDTA) compared with FeSO4 were evaluated.
Key messages
• Iron absorption relative to FeSO4 by young Thai children from a traditional Thai meal was 83% from FAC and 145% from the FeSO4 + NaFeEDTA mixture.
• Both FAC and FeSO4 + NaFeEDTA mixture were suitable iron fortificants for the quick-cooking rice.
• The fortified quick cooking rice can be potentially used as main ingredient for preparing complementary food.
Study design
The Ethical Committees at Mahidol University, Thailand, and the Swiss Federal Institute of Technology (ETH), Zurich, Switzerland, approved the experimental protocol. Two separate iron absorption studies were made. In study 1, iron bioavailability from cooked micronutrient-fortified quick-cooking rice containing FAC (test meal 1) was compared with the same cooked rice fortified with FeSO4 (reference meal). In study 2, iron bioavailability from cooked micronutrient-fortified quick-cooking rice with FeSO4 + NaFeEDTA (test meal 2) was compared with the same cooked rice fortified with FeSO4 (reference meal). A double-labelled stable isotope technique was used to determine iron absorption in infants and young children . Within each of the two studies, subjects consumed either of the two test meals (1 or 2) and the reference meal. The reference meal was labelled with FeEDTA was prepared by dissolution of enriched elemental iron in diluted hydrochloric acid and mixing with equimolar amount of Na2EDTA (SigmaAldrich TM , Buchs, Switzerland) solution. Isotopic composition of the labels was measured (five measurements) by negative thermal ionization mass spectrometry (NTIMS) using a magnetic sector field mass spectrometer (MAT262, Finnigan MAT TM , Bremen, Germany) equipped with multi-collector detection. Iron concentration was measured in triplicate by inverse isotopic dilution using an isotopic reference material (IRMM-014) gravimetric solution as the iron standard of natural isotopic composition. Isotopic ratios were measured by NTIMS (Walczyk 1997) .
Iron bioavailability from the iron fortificants was assessed relative to FeSO 4 as the reference compound. Subjects were fed two different meals on two consecutive days in the morning after fasting for at least 3 h. Within each study, on day 1, half of the subjects received the reference meal and half either meal 1 or 2; on day 2 the subjects received the alternate meal to that received on day 1. Blood was drawn on day 14 for determination of isotopic composition (Table 2 ).
Test meal preparation and feeding
Aliquots (7.5 g) of dried micronutrient-fortified quick-cooking rice were prepared 1 day in advance of being cooked and served to each subject. The preparation was performed in individual Teflon TM (DuPont, Wilmington, DE)-coated pots using individual Tefloncoated spatulas for each subject in order to avoid iron contamination from cooking utensils and cross contamination. Broken rice was added to the pot, cleaned with deionized water and pre-dried in a hot air oven at 90°C for 1 h. The pre-dried broken rice was then soaked in 3 mL of a nutrient fortification solution containing 1.7 mg of iron from different iron fortificants: 0.7 mg from the non-isotopically labelled compound + 1 mg from the isotopically labelled compound [it was the minimum amount that was estimated based on the assumption that iron can be absorbed at 5-15%. Therefore, 10% of the amount of the isotope form iron after being absorbed should be within the detectable and reliable limit of the operating mass spectrometry (regarding to the specification)], 52.5 mg of calcium, 0.8 mg of zinc, 0.04 mg of thiamine, 5.5 μg of folic acid and 23.8 mg of sodium citrate until the solution was totally absorbed into the rice, which was about 10 min. The soaked rice was dried again in a hot air oven at 70°C for 1.5 h, during which time the spatula was used for turning the rice over when necessary. The heating/drying procedures created more porosity to dried rice and reduced cooking time at home to about 8 min. After drying, the Teflon pot was covered with a glass lid and kept at room temperature until feeding on the next day (Fig. 1) . On the feeding day, 105 g of deionized water (1:14) was added to the rice in the pot and the rice was cooked by boiling for 8 min. The rice porridge was then mixed with 7.5 g of UHT coconut milk containing 17% fat (Chaokoh™ brand, Ampol Food Processings Ltd., Nakhonpathom, Thailand), 6 g of canned longan in syrup (Malee™ brand, Malee Sampran (Public), Nakhonpathom, Thailand), 5.2 g of white sugar and pinch of salt. During preparation, individual Teflon spatulas were used for stirring. The prepared test meal was a traditional Thai dessert called Kao Piak Lamyai, which finally weighed about 100 g after cooking, and was served with a clean plastic spoon in the pot used for the preparation. Ten millilitres of deionized water was served as a drink to each subject. All subjects could finish the provided meal. In addition, complete intake of isotopic label was ensured by rinsing the Teflon pan twice with 10 mL of deionized water, which was subsequently consumed by the subjects. The meals were fed in the morning, after a fasting period of at least 3 h. No food or drink intake was allowed for 3 h following completion of the feeding. The prepared test meal was also analysed for phytate content. 
Phytate analysis
Inositol pentaphosphate and inositol hexaphosphate contents were determined using reverse phase highperformance liquid chromatography with C18 column (Atlantis dC18 5 um, 4.6 × 150 mm 2 , Waters Corporation, Milford, MA) and mobile phase as methanol : H2O, ratio 3:2, at flow rate of 0.8 mL min −1 at 40°C. Eluted inositol phosphates were detected by a refractive index detector, Walters IR 2414 (Hotz & Gibson 2001) .
Blood drawing and analysis
Three millilitres of blood was drawn from each subject via venipuncture into an EDTA-treated tube and kept frozen until analysis. The first blood drawing was performed 2-3 weeks before the feeding for screening and baseline information. The second blood drawing was performed 14 days after test meal administration to analyse isotopic composition (for the estimation of iron absorption) and to measure haemoglobin, iron status and an inflammation biomarker. Blood samples were analysed for CBC, haemoglobin concentration and haemoglobin typing at the Thalassemia Research Center, Institute of Science and Technology for Research and Development, Mahidol University, Thailand. CBC and reticulocyte count were analysed using the ADVIA TM 120
Hematology System (Bayer Pte Ltd., Raffles Place District, Singapore); haemoglobin typing for β-globin abnormality was analysed by Bio-Rad Variant. α-Globin abnormality (Bio-Rad Laboratories Inc., Hercules, CA) was analysed by Applied Biosystem™ (Thermo Fisher Scientific corporation,Waltham, MA) GeneAmp™ (Perkin-Elmer, Norwalk, CT) PCR Systems 9700 and gel electrophoresis system using polymerase chain reaction (GibThai Co., Ltd., Bangkok, Thailand). Aliquots of whole blood were analysed for plasma ferritin (Sigma-Aldrich) and C-reactive protein, Assaypro TM , catalogue no. EP1311-1 (Assaypro CLL, Saint Charles, MI) by enzyme-linked immunosorbent assay. Aliquots of whole blood were shipped frozen to ETH Zurich, Switzerland, for iron isotopic analysis.
Iron isotopic analysis of blood samples
Whole blood samples were mineralized using an HNO 3/H2O2 mixture, and microwave digestion followed by separation of the sample iron matrix by anion-exchange chromatography and a solvent/ solvent extraction step into diethyl ether (Walczyk 1997; Walczyk et al. 1997) . All isotopic analyses were performed by NTIMS using a magnetic sector field mass spectrometer (MAT 262, Finnigan MAT) equipped with a multi-collector system for simultaneous ion beam detection.
Calculation of iron absorption
The amounts of 57 Fe and 58 Fe isotopic labelled present in the blood 14 days after test meal administrations were calculated based on the principles of isotope dilution, taking into account that the iron isotopic labels are not mono-isotopic (Walczyk 1997; Walczyk et al. 1997) . Circulating iron was calculated based on blood volume and haemoglobin concentration (Kastenmayer et al. 1994 ). Blood volume calculations were based on body length and weight of the children (Linderkamp et al. 1977) . For fractional absorption calculations, 90% incorporation of the absorbed iron into erythrocytes was assumed. RBV was calculated for each pair of data by comparing absorption of the test iron compounds with the absorption of FeSO 4.
Statistical analysis
The calculated iron absorption values were logarithmically transformed before statistical analysis to adjust for skewed data distribution. Iron absorption results were presented as geometric mean ± 1 standard deviation (SD). Unpaired t-test was used to compare the RBV of iron between FAC and FeSO4 + NaFeEDTA. Paired t-test was used to evaluate individual difference in iron absorption between either FAC or FeSO4 + NaFeEDTA and reference FeSO4. Statistical analysis was performed with SPSS for Windows, version 13.0 (SPSS Inc., Chicago, IL).
Results and discussion
Quick-cooking rice is a good basis used for preparing complementary food and popular with mothers in Thailand due to its convenience. It is the main source of carbohydrate that is normally used in combination with other locally available foods for preparing foods for infants and children of different age groups. It can be fortified with micronutrients by soaking the dried, heated broken rice grains in an aqueous micronutrient solution and drying again. It can provide young Thai children with the micronutrients most commonly deficient in Thailand including iron, calcium, zinc, thiamin and folate (Porasuphatana et al. 2008) . In these early studies, different iron fortification compounds were tested but most led to unacceptable sensory changes. Two exceptions were FAC and a mixture of FeSO 4 and NaFeEDTA providing a molar ratio of Fe : EDTA of 3:1. NaFeEDTA alone was also organoleptically acceptable, but the mixture with FeSO4 was necessary to avoid surpassing the acceptable daily intake of EDTA of 2.5 mg kg ). The anaemic subjects were excluded during the screening process using the cut-off of ≥110 g L ). Three subjects were iron deficient based on the cut-off of <12 μg L −1 (Worwood 1982) .
Mean fractional iron absorption in the study 1 (Fig. 2) from FAC by young Thai children, some of whom were iron deficient, was 5.8% [±standard error (SE) 1.9] (range = 2.3-24), which was 83% relative to the absorption of FeSO 4, the reference iron fortificant (P = 0.02). In study 2 (Fig. 3) , mean fractional iron absorption from the mixture of FeSO4 + NaFeEDTA was 10.3% (±SE 1.9) (range = 4.2-37), 145% relative to the absorption of FeSO4 (P = 0.001). The relative absorption of iron from FeSO4 + NaFeEDTA was 1.75 times higher than the relative absorption of iron from FAC (P = 0.000005). A meal of roughly equivalent amounts of fortified rice, coconut milk, longan fruit and sugar mixed with water provided 1.7 mg of iron or about 98.6 μg of absorbed iron from FAC and 175 μg from the mixture of FeSO4 + NaFeEDTA. Based on the recommended nutrient intake, the contributions from the fortified FAC and FeSO4 + NaFeEDTA were 9% and 18% for the 6-11 months (18.6 and 9.3 mg day −1 ), and 15% and 19% for 12-24 months (11.6 and 5.8 mg day In order to optimize the impact of the iron-fortified rice on ensuring that young Thai children meet their daily iron requirements, the manufacturers of the quick-cooking micronutrient-fortified rice can adjust the iron content of either iron fortificant to achieve the desired level of absorbed iron depending on the iron supply from the remainder of the diet, and the number of meals of the fortified rice the children consume per day. Increase in fortified iron, however, might not always proportionally increase iron absorbed. One option to increase the absorption of iron from FAC would be to add ascorbic acid preferably at a 2:1 molar ratio relative to iron (Hurrell 2002) either to the rice or as an ascorbic acid containing ingredient to the meal. The small amount of sodium citrate added to the fortification mix to avoid rancidity caused by the iron compounds would not be expected to influence iron absorption .
The absorption of FAC relative to FeSO4 was 83%, which was slightly but significantly lower (P < 0.05) than for FeSO4. The 83% RBV of iron from FAC by Thai infants consuming the rice meal, however, was higher than the 51% RBV reported for Thai women from the same labelled FAC added to fish sauce and consumed with rice and vegetables . The lower absorption of soluble ferric iron compared with soluble ferrous iron was suggested by these authors to be related to the more ready formation of insoluble, unabsorbable ferric hydroxides in the duodenum . It is also possible that the RBV of soluble ferric salts may vary with the age of the consumer and/or with the composition of the meal. The RBV of insoluble ferric compounds has been reported to vary with the composition of meals (Hurrell & Egli 2010) .
NaFeEDTA is the iron compound recommended by the World Health Organization for high phytate foods because of its high RBV. However, the cost is 17 times higher than FeSO 4 (Allen et al. 2006) . EDTA binds with iron at low pH of the stomach, preventing it from combining with phytic acid, and releases iron for absorption at the higher pH of the duodenum (Bothwell & MacPhail 2004) . NaFeEDTA also forms a common pool with other non-haem iron compounds present in the meal, protecting them from phytate and increasing the fractional absorption of the entire non-haem iron pool (Mendoza et al. 2001) . Other minerals could potentially combine with EDTA although, in young children, NaFeEDTA did not influence the apparent absorption of zinc, copper, calcium or magnesium (Davidsson et al. 2005) .
More recently, NaFeEDTA has also been recommended as the iron fortificant for high extraction wheat flours (Hurrell & Egli 2010; and foods containing known inhibitors of Fe absorption such as bran and tea (MacPhail et al. 1981) . Indeed, Fe in NaFeEDTA was absorbed two times more efficiently than FeSO 4 even in low-phytate maize meal porridge (MacPhail et al. 1981) .This relationship, however, no longer holds in high-phytate cereal meals where iron absorption is enhanced to a greater extent by the 1:1 molar ratio of Fe : EDTA (Hurrell et al. 2003) . Then low-phytic acid content (undetectable amount) of our rice meal may explain the relatively modest 145% increase in iron absorption in our study from the FeSO 4 + NaFeEDTA.
In conclusion, the FeSO4 + NaFeEDTA is the preferred iron fortificant for the quick-cooking rice. This is because of its higher absorption and its ability to counteract the presence of phytic acid in rice as well as in other foods added to the rice-based complementary food. However, FAC had also an adequate iron bioavailability and its fortification level could be adjusted to provide infants and young children with sufficient absorbable iron. 
